Introduction 1 2 Cellular respiration is influenced by a wide range of mechanisms including the 3 response of the cardiovascular and metabolic systems to meet the changing energy demands 4 in muscle. Although the O 2 gradient between the microvasculature and myocyte is particularly 5 important for O 2 diffusion to sustain cellular respiration in contracting muscle, intracellular O 2 6 dynamics during muscle contraction remain unknown. 7
A phosphorescence quenching technique has sometimes been used to determine 8 microvascular oxygen tension (P cap O 2 ) in contracting muscle (Behnke et al. 2001; 9 McDonough et al. 2005) . In healthy rodent skeletal muscle, the P cap O 2 decreased 10 exponentially at the onset of 1 Hz contractions with an approximate 20 sec time delay 11 (Behnke et al. 2001) . In contrast, the estimated muscle oxygen consumption (mV ． O 2 ) 12 calculated from capillary red blood cell flux and P cap O 2 increased immediately after onset of 13 the muscle contraction. A change in mV ． O 2 without a corresponding change in P cap O 2 would 14 imply an increased O 2 diffusing capacity (DO 2 ), according to Fick's law. However, the study 15 did not measure a key parameter, the kinetics of P mb O 2 (Behnke et al. 2002; Poole et al. 2007) . 16
Without a P mb O 2 dynamics measurement, defining the limiting factor as DO 2 at the onset of 17 exercise remains debatable. 18
The P mb O 2 during exercise can play a key role in regulating the V ． O 2 in exercising 19 muscle (Molé et al. 1999) . In order for O 2 delivery from capillaries to mitochondria to 20 increase to accommodate the increasing oxygen demand, P mb O 2 should fall so as to increase 21 the O 2 gradient from the capillary to the muscle cell during exercise. In fact, (Molé et al. 1999; Richardson et al. 1995) . However, while Richardson et al. 25 was confirmed at the given flow rate. After cannulating into the abdominal aorta, the 1 contralateral (right hindlimb) common iliac artery was ligated. The Krebs-Henseleit buffer 2 containing Heparin (1000 U/l) was perfused into the hindlimb for 10 min from the beginning 3 of the perfusion to prevent clotting of the blood and to wash out blood from the hindlimb. 4
The perfusate and the muscle temperature were maintained at 37 °C. The rat 5 hindlimb was perfused with buffer equilibrated with 95%O 2 + 5%CO 2 for 30 min before and 6 throughout the exercise protocol. The presence of CO 2 maintained the pH between 7.3-7.4. 7
The effluent was collected from the inferior vena cava in order to measure the mV ． O 2 and the 8 concentration of lactate and pyruvate. 9 10
Twitch Contraction Protocol 11
The buffer was equilibrated for 30 min from the beginning of the perfusion 12 experiments. The sciatic nerve of the left hindlimb was then exposed and connected to two 13 parallel stainless steel wire electrodes (Unique Medical, Tokyo, Japan) and the Achilles' 14 tendon was connected to a sensitive strain gauge with a string (MLT500/D, AD Instrument, 15
Castle Hill, NSW, Australia). Slack in the string was removed by several brief tetanic 16 contractions. To elicit a series of isometric twitch contractions, electric stimuli were delivered 17 to the muscle at its optimum length, at which the muscle generated peak tension, via stainless 18 electrodes on the sciatic nerve. The stimulation consisted of a single square wave (delay: 10 19 µsec, duration: 1 msec) controlled by an electro stimulator system (Model RU-72, Nihon 20 Koden, Tokyo, Japan). The stimulation was 1 Hz of frequency for 120 sec (120 twitch 21 contractions). The target tension was controlled by changing the voltage of the stimuli to 22 obtain 50~100% of peak tension under buffer-perfused conditions (3-8 volts). The twitch 23 tension was calculated as the average of a series of contractions. Increasing the stimulation 24 voltage in order to increase the force of contraction recruits nerve fibers that are closest to the 25 stimulating electrodes, and in reverse order with large neurons supplying fast, glycolytic 1 muscle fibers being preferentially recruited first. 2 3
Intracellular Oxygenation 4
An NIRS instrument (NIRO-300 + Detection Fiber Adapter Kit, Hamamatsu 5
Photonics, Shizuoka, Japan) was used to measure the oxygenation of Mb. The distance 6 between the photodiode and the LED was fixed at 10 mm. The toe of the foot was secured by 7 a clamp with the rat laid on its back. After that, the NIRS probes were firmly attached to the 8 skin of the gastrocnemius muscle and were fixed by clamps on both sides of the muscle. 9
During the initial period, for at least 30 sec before the start of contraction, the average 10 fluctuation in the NIRS signals was adjusted to a reference value of zero. After the exercise 11 protocol, the anoxic buffer, equilibrated with 95%N 2 + 5%CO 2 gas was perfused for 30 min to 12 obtain the maximal Mb desaturation value. The equilibrium period with the anoxic buffer was 13 initiated after a 5 min recovery and after the NIRS signals had returned to baseline level. 
Data acquisition 20
The sampling rate for the NIRS data was 1 Hz. The other parameters (tension, 21 perfusion pressure, O 2 content at the inflow and outflow) were collected using a data 22 acquisition system (PowerLab 8SP, AD Instruments, Australia) at a sampling rate of 1 kHz. 23
All the data were transferred to a personal computer with acquisition software (Chart ver. respectively. While the S mb O 2 at rest could not be determined by NIRS, the value was 7 assumed to be 90% based on the previous studies that reported the S mb O 2 at rest was greater 8 than 90% (Chung et al. 2005; Richardson et al. 2006) . 9
The %∆ [deoxy-Mb] 
Tissue Preparation and Optical Measurement 3
After the buffer perfusion, the hindlimb muscles were isolated and immediately 4 weighed, thoroughly minced using stainless steel scissors, and homogenized in an ice bath 5 with phosphate buffer (0.04 M, pH 6.6) bubbled with carbon monoxide (CO). The 6 homogenate was then separated by centrifugation at 12,000 g for 30 min at 4 ˚C. The clear 7 supernatant was decanted into a small glass tube and again equilibrated with CO to ensure 8 binding to Mb. The optical density at 538 nm (ß band) and 568 nm (α band) was used for 9 calculation of both the Hb and Mb concentration in the muscle tissue as described in a 10 modified Reynafarje method (Masuda et al. 2008) . 11
12

Statistical Analyses 13
All data are expressed as the mean ± SD. Differences between tension levels were 14 examined using repeated measures ANOVA. The Tukey-Kramer's post-hoc test was applied if 15 ANOVA indicated a significant difference. Pearson's correlation coefficient was calculated 16 when the relationship between two variables was evaluated. The level of significance was set 17 at p < 0.05. 17.2 ± 4.2%, 21.8 ± 5.7%, and 20.9 ± 12.0% at 50, 75 and 100% of maximal contraction, 3 which lasted for a total of 120 sec. However, these staircase effects do not affect the Mb 4 desaturation rate, which shows no evidence of a slow component. The muscle also shows no 5 sign of fatigue, even during the highest stimulation intensity. 6 Table 1 The plot fits the representative data from a single experiment using protocol III. Figure 4 shows the relationship between S mb O 2 and relative work intensity. The work 13 intensity was normalized by maximal twitch tension in each animal. S mb O 2 decreased 14 significantly as work intensity increased. The steady state level of S mb O 2 declined from 90% 15 at rest to 70.7 ± 7.1%, 59.2 ± 7.4% and 49.3 ± 7.3% at 50%, 75% and 100% of maximal 16 contraction, respectively. 17 exponential manner and reaches a steady state level, which depends upon the work intensity. 5
As the work intensity and mV ． O 2 increase, the steady-state level of S mb O 2 falls from 90% at 6 rest to 71%, 59%, and 49% at 50%, 75%, and 100% of maximal contraction. The progressive 7
Mb desaturation with increased work agrees with the 1 H-MRS observation in contracting 8 human leg muscle (Molé et al. 1999) . P mb O 2 during contraction decreases correspondingly 9 from 6.3 to 2.4 mmHg. 10
Even as O 2 tension falls during muscle contraction, it never reaches a critical P mb O 2 11 to limit respiration or oxidative phosphorylation (Kreutzer et al. 1992) Mb releases its O 2 at rate of 1.4 ± 0.5 to 2.8 ± 0.5 and 4.2 ± 0.7 10 -2 µmol/g/min as the work 6 intensity increases. Even though Mb supplies the primary source of O 2 at the onset of 7 contraction, it provides only about 30% of the average rate of increase in mV ． O 2 from 5.3 ± 8 1.8 to 7.8 ± 1.5 to 10.9 ± 3.4 10 The relationship between P mb O 2 kinetics and muscle oxygen consumption 9
At the highest muscle contraction intensity employed in the present study P mb O 2 10 began to decrease with an MRT of 25 sec while the MRT of P cap O 2 was 40.9 sec at 1 Hz 11 muscle contraction (Behnke et al. 2001) . Therefore, the MRT of P mb O 2 is shorter than that for 12 P cap O 2 at maximal muscle contraction. This difference suggests that the presence of Mb 13 allows the intracellular O 2 environment to adjust more effectively to the abrupt increase in 14 oxygen demand at the onset of muscle contraction, before the microcirculatory O 2 15 environment adapts. Mitochondrial respiration accelerates without a discernible delay after 16 the onset of the muscle contraction (Balaban et al. 2003) . In fact, mV ． O 2 begins to increase 17 without a time delay during muscle contraction (Behnke et al. 2002) . The 23 sec MRT of 18 mV ． O 2 is consistent with the 25 sec MRT for P mb O 2 observed in human leg studies (Behnke et 19 al. 2002; Chung et al. 2005) . 20
21
Limitations of the NIRS perfusion model for the determination of PO 2 22
Some studies have pointed out the importance of surprisingly large extracellular PO 2 23 gradients (Gnaiger et al. 1995) . However, intracellular PO 2 gradients may also increase at 24 increased O 2 flux, so that they affect mitochondrial respiration as a consequence of decreased 25 cytoplasmic O 2 concentration surrounding mitochondria in the "anoxic core" (Takahashi et al. 1 1998 (Takahashi et al. 1 , 1999 . Taken together, significant gradients of Mb oxygenation could be produced in 2 the cytoplasm of the in vivo heart (Takahashi et al. 2000) . On the other hand, in the classical 3 view, Mb facilitates O 2 transport within exercising myocytes (Wittenberg and Wittenberg 4 1989) and that produces relatively homogeneous cytoplasmic PO 2 distribution even during 5 maximal aerobic work (Honig et al. 1997; Jones 1986) . Mb translational diffusion in the cell, 6 however, appears too slow to have a significant transport role in the steady state 7 (Papadopoulos et al. 2001; Lin et al. 2007b ). However, it may still play a significant role in 8 the transient state, when the PO 2 falls precipitously (Lin et al. 2007a) . Unfortunately, the 9 NIRS measurements cannot shed insight into these issues. The P mb O 2 gradient and Mb 10 facilitated O 2 diffusion within the cell remain controversial. 11
The previous 1 H-MRS study did not detect the proximal histidyl N δ H F8 of 12 deoxy-Mb under resting conditions, even though this experimental technique can 13 quantitatively detect the deoxy-Mb signal at ~10% deoxygenation in these calf experiments 14 (Chung et al. 2005) . Given the in vitro Mb P 50 of 2.4 mmHg at 37 ˚C, the fact that the 15 deoxy-Mb signal could not be detected in the resting state implies that the P mb O 2 must 16 saturate >90% of the Mb, or that P mb O 2 is > 21.6 mmHg (Chung et al. 2005) . Another study 17 reported the Mb saturation level as 91 ± 1% in normoxia at rest (Richardson et al. 2006) . In 18 contrast, Schenkman et al. (2001) Values are mean ± SD (n = 6) obtained after 2 min of muscle contraction. There was no 8 significant difference in L/P during rest and contraction. 9 1 Values are mean ± SD (n = 6). The superscripts indicate significant difference (a; vs. 50%, b; 9 vs. 75%, c; vs. 100%, p < 0.05). 10 11 
